Reduction of Operating Voltage in Organic Light-Emitting Diode by Corrugated Photonic Crystal Structure ( a ) A reduction of the operating voltage is achieved for an organic light-emitting diode containing a corrugated photonic crystal structure fabricated by the etching of an indium-tin-oxide anode layer. This is due to a partial reduction in the thickness of the organic layer. The light extraction efficiency can be also improved due to the diffraction of confined light by the photonic crystal effect. The voltage reduction is successfully demonstrated in combination with an improvement in the luminance efficiency at constant current for the fabricated device.
Takashi Asano, Susumu Noda, Hiroshi Ohata Organic light-emitting diodes (OLEDs) are very promising devices for use in flat panel displays and illumination applications due to the possibility of fabricating very thin, flexible structures that emit light over large areas with high brightness and low power consumption (1) , (2) . The realization of highly efficient devices is one of the most critical issues for such applications. The luminance power efficiency ( 3 ) (related to the internal quan-
Taishi Tsu j i , Hitoshi Nakada, Noriyuki Shimoji --and trapped in the high refractive index indium-tin-oxide (ITO) anode and organic layers. In order to improve the light extraction efficiency, it is therefore important to find a method for extraction of light confined to such guided modes.
One promising approach is the incorporation of a photonic crystal (PC), a periodic dielectric structure inside which light can be controlled, into the OLED.
This method has recently resulted in improvements to the luminance power efficiency in an OLED ( 9 ) . The OLED structure itself, including the ITO, organic and metallic cathode layers, is periodically corrugated to form a PC. In this way, d i ffraction of confined light can be maximized and is expected to be stronger than in previous reports ( 10) . I n t h i s organic device, electroluminescence was obtained without serious problems, contrary to the expected results for a structure that is not flat. However, the effect of the corrugated structure on the electronic characteristics has not been investigated until now. In this paper, we discuss the electronic characteristics of the device and show that the current-voltage characteristics can be improved together with the light extraction efficiency. f i e d (13) . Because the total internal reflection condition at the device surface (the glass substrate-air interface) for diffracted waves is broken, the diffracted wave is no longer confined inside the glass substrate. Thus, an improvement in the light extraction efficiency should be expected. The luminance efficiency for the PC sample is further improved by increasing the ITO etch-depth d, due to the enhancement of the optical confinement factor in the PC layer. An increase in efficiency by a factor of ~ 1.2 is observed for the sample with d ~ 60 nm. In total, the luminous power efficiency is improved by a factor of 1.5 compared to that of conventional structures, as shown in Fig. 3 (b) . Here, Eq. (1) suggests that, even for conventional structures, the operating voltage can be continually reduced by decreasing the thickness t, until problems with short circuiting occur. However, the light extraction efficiency will be degraded by the reduction in thickness of conventional OLED structures, due to optical interference effects (14) , (15 ) related to the distance between the dipole and the metallic cathode, as show in . In contrast, the PC-OLED structures in this study can reduce the operating voltage while improving the light 0 0 50 100 150 Light Extraction Efficiency extraction efficiency, as discussed above. In addition, when a microstructure, whether it is periodic or not, is smaller than the wavelength of emitted light, the effective thickness of the organic layer can be approximated by its mean thickness. There can be an effective thickness which optimizes the light extraction efficiency. While the operating voltage at constant current is determined and minimized in the thinner region of the organic layer, as discussed above.
In summary, we have demonstrated not only low voltage operation but also high light extraction efficiency in OLEDs possessing a corrugated PC structure etched on the ITO layer. A 30% reduction of the voltage at constant current compared to conventional structures has been achieved due to the partial reduction of the organic layer thickness. In addition, the luminance efficiency with respect to the current was also enhanced due to the PC light extraction effect.
Consequently, the luminous power efficiency has also been improved. Thus, these OLED devices combine high brightness with low power consumption. W e believe that further optimization of the structure should be possible, resulting in even greater efficiency. 
